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Hepatitis A virus (HAV) is an enterically transmitted virus that replicates predominantly in hepatocytes
within the liver before excretion via bile through feces. Hepatocytes are polarized epithelial cells, and it has
been assumed that the virus load in bile results from direct export of HAV via the apical domain of polarized
hepatocytes. We have developed a subclone of hepatocyte-derived HepG2 cells (clone N6) that maintains
functional characteristics of polarized hepatocytes but displays morphology typical of columnar epithelial cells,
rather than the complex morphology that is typical of hepatocytes. N6 cells form microcolonies of polarized
cells when grown on glass and confluent monolayers of polarized cells on semipermeable membranes. When N6
microcolonies were exposed to HAV, infection was restricted to peripheral cells of polarized colonies, whereas
all cells could be infected in colonies of nonpolarized HepG2 cells (clone C11) or following disruption of tight
junctions in N6 colonies with EGTA. This suggests that viral entry occurs predominantly via the basolateral
plasma membrane, consistent with uptake of virus from the bloodstream after enteric exposure, as expected.
Viral export was also found to be markedly vectorial in N6 but not C11 cells. However, rather than being
exported from the apical domain as expected, more than 95% of HAV was exported via the basolateral domain
of N6 cells, suggesting that virus is first excreted from infected hepatocytes into the bloodstream rather than
to the biliary tree. Enteric excretion of HAV may therefore rely on reuptake and transcytosis of progeny HAV
across hepatocytes into the bile. These studies provide the first example of the interactions between viruses and
polarized hepatocytes.
Hepatitis A virus (HAV) is an enterically transmitted Picor-
navirus that is endemic in developing countries, and in many
developed countries it remains a significant cause of sporadic
hepatitis associated with poor hygiene and food-borne out-
breaks. Infection results in life-long immunity, and several
highly effective vaccines based on inactivated virus are avail-
able, the use of which has dramatically reduced the incidence
of hepatitis A, largely in developed countries such as the
United States (15, 18, 72, 78). Although HAV has been shown
to infect enterocyte-derived cells in culture (4, 59), very little or
no virus is detectable in the gastrointestinal cells of experimen-
tally infected animals (1, 34). Viral replication predominantly
occurs in hepatocytes: the likely source of both the significant
acute-phase viremia and the high titers of virus found in feces
which are responsible for transmission to new hosts. Large
amounts of HAV are detectable in the stool for some weeks
after infection, prior to significant hepatocyte death, suggesting
the virus is actively secreted from the liver.
Cell culture-adapted strains, infectious cDNA clones of
HAV, and a variety of primate models have revealed many
details of the replication cycle of the virus (12, 21, 43, 49), but
relatively little is known regarding the interactions between
HAV and hepatocytes in vivo. Notably, both gastrointestinal
epithelial cells and hepatocytes are polarized (Fig. 1). In the
case of simple columnar cells such as respiratory and enteric
epithelia (Fig. 1B), it is recognized that cell polarity plays a
major role in viral pathogenesis (8, 10, 13, 65, 71). Blank et al.
have shown that HAV both infects and is secreted from po-
larized enterocyte-derived Caco-2 cells via the apical domain
(adjoining the gastrointestinal lumen) (4). Thus, in order to
reach the liver, progeny virus may enter the bloodstream
through other mechanisms, such as transcytosis or via intesti-
nal M-cells, as has been shown for poliovirus and reovirus (2,
4, 5, 30, 37, 41, 75).
Hepatocytes are also polarized epithelial cells, with distinct
apical and basolateral domains facing the bile canaliculi and
the hepatic sinusoid, respectively (Fig. 1A) (74). Tight junc-
tions between hepatocytes prevent the lateral diffusion of sub-
strates and form a barrier between blood and bile. The apical
plasma membrane has a high concentration of lipids and is rich
in glycosylphosphatidylinositol-related proteins and glyco-
sphingolipids (31, 40, 76). Intracellular microtubules form the
cytoskeleton along which the majority of substrates are trans-
ported (16). Interactions of hepatotropic viruses with these
cells have been difficult to study due to the complex orientation
and morphology of hepatocyte polarity (Fig. 1A). Studies of
virus interactions with polarized cells commonly use cell mono-
layers grown on semipermeable membranes, providing sepa-
rate access to both the apical and basolateral domains of the
polarized cells (Fig. 1C), but hepatocytes do not share the
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columnar morphology of simple epithelial cells. The apical
surfaces of adjacent hepatocytes form bile canaliculi in vivo
and bile cysts or ductules in culture (Fig. 1A) and are thus not
readily accessible for exposure to, or sampling of, viruses. Also,
primary hepatocytes and immortalized hepatic cell lines are
poorly and variably polarized in culture and do not form con-
fluent monolayers when grown on membranes.
Despite this, the polarized trafficking of endogenous sub-
strates and proteins in hepatocytes has been studied in detail
using a variety of models, including hepatocyte couplets sand-
wiched in a matrix (24), the hybrid rat hepatocyte-human fi-
broblast WIF-B cell line (27, 51), and human hepatocyte-de-
rived HepG2 cells. Studies of such cells have revealed
significant differences in protein trafficking between hepato-
cytes and other polarized epithelia. In particular, hepatocytes
are largely deficient in the machinery to traffic endogenously
synthesized proteins directly from the endoplasmic reticulum
to the apical domain of the cell for release, with the vast
majority of proteins (such as albumin) being trafficked to the
basolateral domain for release into the bloodstream, while
proteins destined for the apical domain must then traverse the
cell via the process of transcytosis (reviewed by Mostov et al.
[38]).
In working with HepG2 cells maintained in our laboratory,
we observed by immunofluorescence staining occasional foci
that exhibited a honeycomb pattern of distribution of the tight
junction protein zonula occludens 1 (ZO-1), typical of colum-
nar polarized epithelia. We therefore isolated clonal cell pop-
ulations from HepG2 and from HepG2-derived C3A cells,
producing a well-polarized clone (N6) that displays the mor-
phology of polarized columnar epithelia and has the ability to
form confluent monolayers on semipermeable membranes, to-
gether with a nonpolarized clone (C11) to serve as a control. In
preliminary experiments, the N6 cells were shown to export
albumin preferentially into the basolateral domain, while C11
cells export albumin equally to both apical and basolateral
domains (57). These cells appeared promising for studies of
virus-polarized hepatocyte interactions.
It has been shown that enterocyte-derived Caco-2 cells sup-
port HAV replication, with almost exclusive export of progeny
virus into the apical domain (4). This direction of secretion in
hepatocytes would result in the direct release of virus into the
bile and gastrointestinal tract, as might be expected for enteric
excretion (4). Indeed, there is good evidence in many primate
studies showing HAV antigens present in the bile of infected
animals with acute hepatitis A (26, 29, 34, 34, 42, 48). However,
in liver cells, direct apical transportation from the Golgi com-
plex runs counter to the direction of export of most de novo-
synthesized substrates. Additionally, Caco-2 cells also are most
efficiently infected from the apical (lumenal) surface, while
hepatocytes are more likely to be exposed to HAV from the
basolateral (sinusoidal) surface through the circulation. We
wished to examine whether the vectorial nature of entry and
export of HAV was the same in polarized hepatocytes and
gastrointestinal cells or whether liver cells employed a distinct
pathway.
Using polarized N6 cells, we show that both entry and export
of HAV occur preferentially via the basolateral domain. As
this would not result in direct export to the gastrointestinal
tract, it suggests that transcytosis of virus from the blood,
through hepatocytes to the bile, and possibly also across the
gastrointestinal mucosal epithelia, is the likely source of en-
teric virus excreted by the host.
MATERIALS AND METHODS
Cells. African Green monkey kidney cells (BSC-1) and feline renal epithelial
cells (CRFK) were grown in minimal essential medium (MEM) supplemented
with 5% and 10% fetal bovine serum (FBS), respectively, 2 mM L-glutamine, 10
mM Tris, 100 U penicillin, and 100 g streptomycin per ml and maintained in
serum-free medium for growth and quantification of HAV and feline calicivirus
(FCV), respectively. HepG2 cells (maintained at the Burnet Institute for more
than 10 years), HepG2-derived C3A cells (American Type Culture Collection),
and their subclones (C11 and N6) were passaged in the same medium with the
addition of 15 mM HEPES. Single-cell suspensions of the HepG2-derived cells
were obtained by incubation of semiconfluent cultures in Hanks balanced salt
solution (Ca2 and Mg2 free) containing 3 mM EGTA for 20 min, resulting in
disruption of cell-cell contacts before trypsinization. Concentrated cell suspen-
sions were then passed three times through a 25-gauge needle before dilution
and seeding. For growth of monolayers on porous supports we used Transwell-
COL tissue culture inserts (Costar) with a 4.7-cm2 growth area and 3.0-m pore
size. These inserts were shown to allow relatively free diffusion of HAV and FCV
in the absence of cells (approximately 30% per hour from the basolateral to
apical chamber [results not shown]). The inserts were seeded at a density of 5.0
104 cells per insert and then incubated at 37°C for up to 28 days. Transwell
cultures were grown in Williams medium E (Invitrogen) containing 10% FBS
and supplemented as above, with the addition of 1% dimethyl sulfoxide, which
promoted development of polarity in terminal experiments but was unsuitable
for passaging of cells. Cell microcolonies were obtained by seeding at low density
(approximately 1.5  103 cells per cm2) on glass coverslips, followed by incuba-
tion for 10 to 14 days. Individual cell colonies contained at least 15 cells at the
time of infection.
Cell polarity. The development of cell polarity in many other cultured epithe-
lial cell lines, such as MDCK cells, is assessed by measurement of the transepi-
thelial resistance (TER) of membrane-grown cultures (25, 50). It has not been
reported whether polarized hepatocytes exhibit this characteristic. Hepatocytes
are considered a relatively leaky epithelia, with studies showing that molecules
up to 50 kDa can pass into bile (and up to 270 kDa in cholestasis due to bile duct
ligation) (45). This implies that conventional methods for determination of cell
polarity, such as measurement of TER, are potentially unreliable as indicators of
functional polarity in these cells. Similarly, Stevenson et al. showed that even in
MDCK cell lines I and II, TER measurements differed by 100-fold, despite no
differences in tight junctional organization or other markers of polarity (60).
FIG. 1. Epithelial cell polarity. A. Hepatocytes in vivo and in vitro
develop complex polarity, such that adjacent apical (Ap) surfaces will
form bile canaliculae (BC). B. Other polarized epithelial cells grow
with a simple (columnar) orientation of polarity. C. The apical and
basolateral domains are both accessible when cells, such as those in
panel B, are grown as a confluent monolayer on semipermeable mem-
branes, with tight junctions between cells preventing lateral diffusion of
substrates.
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However, it is known that polarized hepatocytes preferentially secrete albumin
via the basolateral domain (46, 47, 52, 67, 68), and vectorial secretion of human
serum albumin (HSA), a molecule of 66 kDa, was therefore used to assess
functional polarity of the HepG2-derived cells. A capture enzyme-linked immu-
nosorbent assay format was developed to allow quantification of human albumin
in culture samples containing large amounts of bovine albumin in supplemented
medium. Ninety-six-well plates (Immunosorb; Nunc) were coated overnight at
4°C with 0.05% goat anti-HSA antibody (Calbiochem-Novabiochem) in 0.1 M
NaHCO3 pH 9.6. Plates were washed with phosphate-buffered saline–0.05%
Tween 20 (PBST) and then blocked with 2% skim milk powder in PBST. Samples
(100 l) were added to the plate in duplicate for 1 h and washed in PBST, and
bound HSA was detected with 100 l of 0.01% mouse anti-HSA (Zymed) with
2% FBS for a further hour. Immune complexes were detected with 0.02%
horseradish peroxidase-conjugated sheep anti-mouse immunoglobulin G (IgG;
FAb fragment; Amersham) and tetramethylbenzidine substrate (Chemicon), and
absorbance was read at 450 nm and 620 nm. Standard curves for HSA were
prepared using serial twofold dilutions of HSA (Sigma) starting at 0.5 g/ml.
Culture supernatants were diluted to fit in the linear range of the assay. Absor-
bance values were then translated to concentrations using the equation gener-
ated by the standard curve, and absolute amounts of secretion were corrected for
the relative volumes of apical (1.5 ml) and basolateral (2.6 ml) culture reservoirs.
Percent basolateral export was calculated against the total (apical plus basolat-
eral) export of albumin per hour. Individual transwell cultures were considered
to be sufficiently polarized when more than 75% of albumin was secreted into the
basolateral culture reservoir over a 1-h period, typically observed around 14 to 21
days after seeding.
Viruses and infection. The HM175A.2 strain of HAV was grown in BSC-1 cells
and purified from cell lysates as previously described (3). Concentrated virus was
diluted with serum-free MEM, extracted with an equal volume of chloroform,
and diluted in MEM containing 1% FCS to 108 infectious particles per ml. Virus
was applied to HepG2-derived cells for 1 h at 37°C, and cells were then washed
with MEM and incubated in fresh medium. Infectious HAV was assessed by
radioimmunofocus assay or infrared fluorescent immunofocus assay in BSC-1
cells as previously described (14). Passive diffusion of FCV (which does not
replicate in HepG2 cells) was used as a measure of monolayer integrity in
transwells, with infectious FCV measured by plaque assay on CRFK cells using
MEM containing 10 mM MgCl2 and 0.4% SeaPlaque agarose (FMC Bioprod-
ucts) at 37°C for 48 h. Cells were then fixed in 4% formaldehyde for 60 min, and
plaques were visualized by staining with crystal violet.
Indirect immunofluorescence. Cells were washed with serum-free MEM and
fixed in Kryofix (43% ethanol, 7% polyethylene glycol 300) at 20°C. Cells were
stained with monoclonal antibodies to HAV (K24F2; CSL, Australia) or to CD26
(aminopeptidase N; Serotec), or with rabbit antibodies to ZO-1 (Zymed) or to
low-density lipoprotein receptor (Maine Biotechnology Services) diluted in PBS
containing 1% FBS. Immune complexes were detected with Alexa-labeled sec-
ondary antibodies (Alexa 568 goat anti-mouse or Alexa 488 goat anti-rabbit;
Molecular Probes). Where indicated, nuclei were counterstained with TOTO-3
(Molecular Probes). Cells were examined using a Bio-Rad MRC 1024 Nikon
scanning confocal microscope with Lasersharp software using a 20 or 40
objective.
Electron microscopy. N6 cells grown on transwell inserts were fixed with
glutaraldehyde in PBS for 2 h at room temperature. Inserts were resin embedded
and then sectioned and stained with uranyl acetate and lead citrate before
examination.
Data analysis. All experiments were performed in duplicate at least three
times. Error values given are the standard errors of the means in each experi-
ment. We used the two-tailed Student’s t test, with a P level of 0.05 considered
a significant difference between values.
RESULTS
Development of polarized hepatocytes. Primary hepatocytes
and hepatocyte-derived cell lines such as HepG2 can some-
times develop cell polarity, but in these cases they generally
show a complex, liver-like morphology, such as bile cysts, and
fail to form confluent monolayers when grown on semiperme-
able membrane inserts (11, 39, 62). The HepG2 line used in
our laboratory also showed formation of bile cysts when
stained by indirect immunofluorescence for the tight junction-
associated protein ZO-1 (Fig. 2A; see also Fig. 4A), but areas
of cells were also observed with the honeycomb-like pattern of
FIG. 2. Polarized HepG2 cells. A. ZO-1 (green) staining of HepG2 cells shows a population of cells (nuclei, red) with mixed polarity, with areas
of bile cyst formation (arrowhead) and areas of intracellular tight junction formation (arrow). Subcloning yielded populations of cells with a
nonpolarized phenotype (C11) and polarized phenotype (N6), showing the extensive honeycomb distribution of ZO-1 (green) in the latter. B. x-z
section of cells stained for the apically distributed protein CD26 (red) and the tight junction protein ZO-1 (green). The N6 cells show
predominantly apical localization of the CD26 protein at the same level as the intracellular tight junctions, while the C11 cells have no detectable
ZO-1 staining and a widespread intracellular CD26 distribution. C. The ultrastructure of N6 cells was examined by electron microscopy. These cells
display many of the basic features of polarized epithelial cells. The apical surfaces show extensive villi (arrowheads), and intracellular tight junction
complexes (arrow) can be seen.
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ZO-1 staining that is typical of simple, columnar polarized
epithelial cells. This HepG2 cell line as well as the HepG2-
derived clone C3A were further subcloned, resulting in a num-
ber of separate clones from both lines that demonstrated
strong contact inhibition and lack of stratification similar to
highly polarized Caco-2 cells, while other HepG2 subclones
demonstrated stratified growth.
We investigated the polarized distribution of intracellular
proteins in these cell lines. Figure 2A shows polarized (N6)
and nonpolarized (C11) subclones cultured on semipermeable
membranes, such that the apical surfaces are superior and the
basolateral surfaces are attached to the membrane. A honey-
comb pattern of ZO-1 distribution at intracellular tight junc-
tions is visible in the polarized N6 cells (as seen for regions in
the uncloned HepG2 cells), but ZO-1 does not show a regular
pattern of accumulation in the nonpolarized C11 cells, which
also lack the bile cysts that were often present in the uncloned
HepG2 cells (Fig. 2A) and some other subclones (results not
shown).
N6 and C11 cells grown on semipermeable membranes as
above were fixed and stained for CD26, an apically distributed
protein, together with ZO-1 to identify tight junctions and with
TOTO-3 to identify nuclei. The x-z sections of cell monolayers
were collected by confocal microscopy. CD26 was localized to
the apical domains of the polarized N6 cells, while in the
nonpolarized C11 cells, a nonvectorial distribution of this pro-
tein was observed (Fig. 2B). ZO-1 distribution at the tight
junctions is seen in the polarized cells while barely detectable
in C11 cells. Sequential x-y sections of N6 cells grown on glass
coverslips confirmed that CD26 was restricted to the upper-
most cell surface, with the apical domain bounded by tight
junctions (Fig. 3). We also examined the distribution of a
basolateral protein, the low-density lipoprotein receptor, and
found corollary evidence of vectorial distribution of this
marker on the basolateral (membrane-associated) domain (re-
sults not shown). These results confirm that the polarized N6
cells show columnar morphology with apical and basolateral
disposition, as for simple polarized epithelia.
A hallmark of the apical surface of epithelial cells is the
formation of microvilli, which markedly increase the surface
area of the apical plasma membrane (35, 77). We examined the
cellular ultrastructure of the N6 cells by thin section electron
microscopy. These cells showed tight junctional complexes seg-
regating the apical and basolateral plasma membranes and
significant apical microvilli formation (Fig. 2C).
Functional polarity of cell lines. As cells were grown on
transwell filters, we needed to determine the degree of leakage
due to potential breaches of monolayer integrity. Initial studies
with [3H]inulin (5 kDa) showed 1.5 to 2% diffusion per hour in
both polarized N6 and nonpolarized C11 monolayers, com-
pared with 60% diffusion per hour across blank membranes,
and 0.5% per hour across Caco-2 monolayers. This result is not
surprising, however, as hepatocytes are generally considered a
relatively leaky epithelia, with studies showing that molecules
up to 50 kDa can pass into bile (and up to 270 kDa in cho-
lestasis due to bile duct ligation) (45). Thus, we determined
monolayer integrity in the N6 and C11 cells using diffusion of
FCV rather than inulin.
The leakiness of hepatocytes as epithelial cells (45) further
implies that conventional methods of determining cell polarity,
such as TER measurement, may not be reliable as indicators of
functional polarity in these cells. We found average TER mea-
surements of 56 to 96   cm2 in confluent monolayers of
membrane-grown N6 cells compared with a mean of 279
  cm2 in well-polarized Caco-2 cell monolayers in the same
system. These low TER measurements did not correlate with
development of tight junctions or vectorial export of albumin
as alternative markers of polarity. Thus, we used vectorial
export of albumin, a macromolecule of 66 kDa, as a marker of
monolayer polarity in individual transwell cultures.
Cells were cultured as monolayers on semipermeable mem-
branes, and human albumin secretion into the apical and baso-
lateral culture reservoirs was determined by enzyme-linked
immunosorbent assay, as a measure of functional polarity over
time (Fig. 4). Monolayers of polarized cells secreted albumin
predominantly into the basolateral reservoir, while nonpolar-
ized cells secreted albumin equally into both reservoirs. The
duration to reach peak polarity was between 12 and 21 days,
FIG. 3. Vectorial distribution of CD26 in polarized hepatocytes. The images are a Z-series of 2-m sections from basolateral (A) to apical
(H) through a colony of N6 cells. Polarized central cells of the colony show ZO-1 staining (green). Nonpolarized peripheral cells display
intracellular CD26 staining (red) throughout the cytoplasm, while the central cells show marked apical distribution of protein, confirming that these
cells are functionally polarized. Bar, 30 m.
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with later deterioration of vectorial export as cells began to
age. Peak vectorial secretion of albumin by N6 cells to the
basolateral reservoir reached 80 to 90%, and 75% was selected
as the minimum level for use in subsequent experiments. As-
suming that the polarized cells secrete 100% of albumin into
the basolateral reservoir, while the remaining cells secrete
equally into both reservoirs, this represents a minimum of 50%
fully polarized cells. Cell culture inserts were monitored from
14 days after seeding until reaching this level of vectorial al-
bumin secretion. Albumin secretion was also monitored during
the period of viral export.
Vectorial entry of HAV. The most common route of trans-
mission of HAV is through oral ingestion. It has been pre-
sumed that the virus enters the bloodstream through the gut
and is transported to the liver in the portal circulation to enter
hepatocytes. In this case virus would be exposed to the baso-
lateral domain of hepatocytes, but HAV infection of Caco-2
cells has been reported to be more efficient via the apical
domain (4).
To examine the vectorial infection of hepatocytes with
HAV, monolayers of N6 cells were grown on transwell inserts
and exposed to equal concentrations of virus from either the
apical or basolateral compartment for 1 h, and total intracel-
lular virus yield was measured after 24 h. Basolateral infection
of N6 cells resulted in around twofold higher yields of virus
than apical infection ([15.6  0.2]  103 versus [8.0  3.3] 
103 virus particles/ml), despite a diffusion rate for virus from
the basolateral compartment across blank membranes of only
about 30% under these conditions, which would not affect
infection from the apical compartment. This demonstrates that
HAV infection of polarized hepatocytes from the basolateral
domain is highly efficient, in contrast to that of Caco-2 cells (4).
However, the cells were never 100% polarized in the vectorial
albumin excretion assay, and we considered it likely that the
virus yield following apical exposure may represent preferen-
tial infection of the nonpolarized cells in the monolayer, rather
than bidirectional infection of polarized cells. To further ex-
amine vectorial entry of HAV into hepatocytes, microcolonies
were obtained by seeding the cell lines at low density onto glass
coverslips. Because tight junctions form only at the points of
cell-cell contact, the central cells of colonies have the capacity
to become polarized (with the basolateral domains in contact
with the glass coverslip and apical domains exposed to the
medium), whereas tight junction formation is incomplete in
peripheral cells, preventing the polarized sorting of molecules,
including viral receptors.
Microcolonies of HepG2, N6, and C11 cells were exposed to
HAV for 1 h at 37°C and then washed and incubated for 24 h
to allow a single round of virus replication. Coverslips were
then fixed and stained for HAV and ZO-1 protein and visual-
ized by confocal microscopy. In N6 microcolonies, HAV rep-
lication was limited to the peripheral nonpolarized cells,
whereas cells throughout C11 and HepG2 microcolonies were
infected (Fig. 5). This suggests that infection of polarized hepa-
tocytes is occurring via the basolateral domain only. However,
it must be noted that the N6 cells demonstrate strong contact
inhibition and the central cells of colonies are not actively
dividing, whereas C11 cells show less contact inhibition and
continued cell division. To exclude the possibility that the spar-
ing of central cells in N6 microcolonies from HAV infection
was due to lack of cell division, cells were treated with 3 mM
EGTA for 10 min at 37°C to reversibly disrupt tight junctions
before exposure to HAV (Fig. 6A). Under these conditions,
central N6 cells were also infected with HAV, confirming that
the productive entry of HAV is restricted to the basolateral
domain of polarized hepatocytes (Fig. 6). Immunofluorescence
staining of cells for ZO-1 showed that they have largely re-
FIG. 4. Export of albumin from subcloned cells. Cells grown on
semipermeable membranes for 30 days were examined for albumin
export into the apical and basolateral domains. (A and B) C11 (A) and
N6 (B) cells export similar amounts of total albumin (triangles) but
differ significantly in amounts of basolateral albumin (bars) secreted
per hour. (C) Percent basolateral albumin export (of total export) is
shown. C11 cells (gray bars) exported albumin equally into the apical
and basolateral domains. Polarized N6 cells (black bars) show a grad-
ual increase in percent basolateral albumin export, which is maximal at
over 75% between days 14 and 24.
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gained tight junction architecture within 1 h and remain con-
fluent, precluding cell division during EGTA treatment
(Fig. 6B).
Vectorial export of HAV. Vectorial export of HAV from the
apical domain of Caco-2 cells has been described elsewhere
(4), and apical release from hepatocytes would result in direct
excretion into bile and gastrointestinal tract, providing virus
for enteric transmission to new hosts. However, it is known
that hepatocytes transport most newly synthesized macromol-
ecules to the basolateral domain and into the plasma. To
determine whether HAV release from hepatocytes is vectorial,
N6 and C11 cells were grown on semipermeable membranes
until N6 cells were optimally polarized, and duplicate cultures
were then infected with HAV for 1 h via the basolateral do-
main, extensively washed, and then incubated for 24 h. Tran-
swells were then transferred to prewarmed fresh medium, and
total apical and basolateral supernatants were collected at 1
and 2 h for measurement of newly released HAV. Paracellular
diffusion was measured by addition of FCV to the apical me-
dium and titration of apical and basolateral supernatants.
Albumin export from the N6 cells was predominantly into
the basolateral domain, indicating maintenance of functional
polarity after infection with HAV, and export from C11 cells
was equally into both domains as expected (Fig. 7). The cell
monolayers demonstrated very low paracellular diffusion of
FCV from apical to basolateral domains (0.1%/h), and diffu-
sion was therefore considered to have no influence on the
measure of HAV released. Additionally, we note that since
there was no loss of FCV particles from the inoculum, viral
adhesion or intracellular or paracellular sequestration did not
take place. More than 90% of newly produced HAV was ex-
ported via the basolateral domain of N6 cells, while nonpolar-
ized C11 cells exported virus equally into both apical and
basolateral reservoirs (Fig. 7). This demonstrates that HAV
undergoes vectorial export via the basolateral domain of po-
larized hepatocytes, consistent with the major pathway of ex-
port from these cells but in contrast to apical viral export from
enteric epithelia.
DISCUSSION
Hepatocyte polarity is essential to the maintenance of pro-
tein, carbohydrate, and lipid homeostasis in the body. Loss of
tissue polarity likely contributes significantly to the pathogen-
esis of hepatic disorders, including cholestasis and cirrhosis
(45, 61, 64). However, the role of hepatocyte polarity in the
FIG. 5. HAV infects hepatocytes from the basolateral domain. Cells grown in microcolonies were infected with HAV and examined for HAV
(red) and ZO-1(green) expression by immunofluorescence. (A to C) Uncloned HepG2 cells show occasional bile cyst formation (arrows) at the
apical domain of adjacent cells, indicating these cells are polarized, but as basolateral domains are facing both the glass and the media, cells
throughout the colony are infected. (D to F) Similarly, C11 cells demonstrate that infection occurs readily throughout the colonies of cells that are
not polarized. (G to I) The basolateral domains of N6 cells are adherent to the glass except at the periphery of the colony. Central polarized cells,
with extensive tight junction formation as shown by ZO-1 staining, are unable to be infected with HAV, while peripheral cells are readily infected.
Bar, 30 m.
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pathogenesis and transmission of hepatotropic viruses has not
been examined previously, in contrast to the extensive studies
of virus interactions with polarized mucosal epithelia for many
viruses with enteric, sexual, or respiratory transmission (6, 7,
32, 55, 65, 66). This is largely a consequence of the lack of
hepatocyte cell culture models suitable for study of virus entry
and export, due to the complex morphology of most polarized
hepatocyte-derived cell lines in vitro, reflecting in turn the
complex morphology that is typical of hepatocytes in vivo.
HepG2 cells are a well-differentiated human hepatoma cell
line that expresses many of the same biosynthetic and meta-
bolic functions as liver cells, including the processing of bile
and lipids, and HepG2 cells have been extensively used for the
study of hepatocyte polarity (17, 33, 69, 76). However these
cells typically demonstrate the complex morphology of hepa-
tocytes, with their apical surfaces forming bile canaliculae or
bile cysts, rather than having the columnar orientation of sim-
ple polarized epithelial cells. In this study, we derived a novel
clone of HepG2 cells that provides the first practicable system
for the study of viral interactions with polarized hepatocytes.
The columnar orientation of the N6 cells provides access to
both apical and basolateral plasma membranes when the cells
are grown on semipermeable cell culture inserts, allowing the
study of vectorial entry and export of viruses. This simple
morphology also provides a significant advantage to the study
of hepatocyte transcytosis. We utilized the N6 and C11 cells to
study interactions of HAV with polarized hepatocytes. Previ-
ous studies suggested that infection of hepatocytes was primar-
ily mediated through Kupffer cells and did not determine
whether viral entry into hepatocytes was vectorial (53). Our
results suggest that productive entry of HAV into polarized
hepatocytes can occur directly, predominantly across the baso-
lateral domain (Fig. 5). In contrast, a previous study of HAV
interactions with polarized enteric epithelia under comparable
conditions (Caco-2 cells) demonstrated preferential uptake via
the apical domain (4). However, these contrasting routes of
preferential entry are each consistent with the expected route
of exposure to HAV during transmission: through the gut
lumen to enterocytes, and through the bloodstream to hepa-
tocytes.
The vectorial entry of HAV into hepatocytes shown here
suggests that entry may be mediated by a basolaterally local-
ized receptor. One specific receptor for HAV, HAVCR-1, has
been found in a number of cell lines that support viral repli-
cation, and its human homologue, huHAVCR-1, has been
identified as a receptor for HAV also (23, 28, 54). The vectorial
distribution of the huHAVCR-1 glycoprotein in polarized
cells, and more specifically hepatocytes, is not known. Other
receptors for HAV have also been described, possibly convey-
ing some viral tissue specificity. The asialoglycoprotein recep-
tor, which is predominantly found on the basolateral plasma
membrane of hepatocytes, has also been suggested as a possi-
ble receptor for HAV (20, 58). Further studies are required to
determine what receptor(s) is responsible for the highly vec-
torial infection of hepatocytes by HAV.
A further unresolved question concerns the mechanism by
which HAV gains access to the bloodstream to initiate infec-
tion. As HAV is generally transmitted via ingestion, it has been
presumed that virus is transmitted to the portal circulation
across the gastrointestinal epithelia, and thus to the liver.
While significant HAV replication can be demonstrated in
enterocyte-derived Caco-2 cells, export of virus from these
cells was exclusively via the apical domain, and thus back into
the gut lumen (4). In addition, detection of HAV in gut epi-
thelia has been inconsistent, and intravenous inoculation of
HAV does not reduce the incubation period for infection (1,
FIG. 7. Vectorial export of hepatitis A virus. N6 and C11 cells
grown on semipermeable membranes were assayed for viral export
into the apical and basolateral domains. Both albumin (black) and
HAV (gray) are exported predominantly into the basolateral domain
by polarized N6 cells, indicating vectorial export of these substrates in
polarized hepatocytes. Nonpolarized C11 cells exported about 50% of
both the albumin and virus into the basolateral domain.
FIG. 6. Disruption of tight junctions of polarized hepatocytes per-
mits infection. (A) N6 and C11 cells grown in microcolonies were
treated with EGTA for 10 min to disrupt the tight junctions and then
infected with HAV. Cells were stained for ZO-1 (green), HAV (red),
and nuclei (blue). Before EGTA treatment, only peripheral cells of the
N6 colony (panel i), but all cells of the C11 colony (ii), were infectible
with virus. Once tight junctions were disrupted, N6 cells also showed
extensive viral infection throughout the colony despite reformation of
tight junctions postinfection (iii). (B) N6 cells were untreated (pre-
EGTA) or treated with EGTA for 10 min (EGTA) or incubated with
normal medium for a further hour after EGTA treatment (post-
EGTA) and then fixed and stained for ZO-1. Tight junctions were
disrupted by the EGTA treatment but reformed within 1 h. Bar,
20 m.
VOL. 82, 2008 HAV AND POLARIZED HEPATOCYTES 8739
 o
n
 N
ovem
ber 15, 2015 by University of Queensland Library
http://jvi.asm.org/
D
ow
nloaded from
 
34, 44). Together, these observations suggest that trafficking of
HAV to the bloodstream may be independent of replication in
the gastrointestinal mucosa. Apical to basolateral transcytosis
of HAV, mediated by the polymeric immunoglobulin receptor,
has been shown to occur in polarized epithelial MDCK cells,
and a similar IgA-mediated mechanism may be used by HAV
in gut epithelia to achieve access to the circulation (19). IgA is
a natural ligand of HAVCR1, and the association of IgA with
HAVCR1 enhances virus-receptor interactions (63). It is of
note, however, that virions would have to avoid uncoating in
susceptible enteric cells in order to reach the bloodstream
intact for transmission to the liver, and virus-specific IgA
would need to have survived along with the virus in the envi-
ronment (and the gut) to effect this function. An alternative
mechanism may be transcytosis via intestinal M cells, as has
been described for both poliovirus and reovirus (41, 75). What-
ever mechanisms are responsible, they appear to be highly
efficient for HAV, since it is so readily transmitted and invari-
ably infects the liver.
Hepatocytes transport most newly synthesized substrates
from the Golgi complex to the basolateral domain, where they
may remain as resident plasma membrane proteins, to be se-
creted into the bloodstream or undergo transcytosis to the
apical plasma membrane (47, 73). Direct apical export is seen
only for some lipid substrates (56, 70). Our observation of
almost exclusive basolateral export of HAV from polarized
hepatocytes is therefore not surprising and readily accounts for
the significant viremia observed during acute HAV infection,
but this does not explain the presence of virus in bile (48) or
excretion of very large amounts of virus in feces to support
enteric transmission. Blank and colleagues previously showed
that export of HAV from Caco-2 cells is exclusively via the
apical domain and suggested that this was also likely to be true
in hepatocytes, leading to direct excretion of virus via the
apical domain to bile ducts and the gastrointestinal tract (4).
However, our results clearly show that virus is exported in the
opposite direction in hepatocytes and highlight that the find-
ings of studies for viruses in other polarized epithelia cannot be
extrapolated to the same viruses in polarized hepatocytes.
How then does HAV reach the gut from hepatocytes for
excretion? Since HAV particles have been found in the bile
and feces of infected animals, and the liver is the main organ
of replication for HAV, a mechanism of trafficking of virus
from the blood to the bile, against the default basolateral
transportation of HAV in hepatocytes, is strongly implied by
this study. It has been suggested that uptake of HAV in pri-
mary hepatocytes and in HepG2 cells can occur via the asialo-
glycoprotein receptor mediated by specific immunoglobulin
(20), although the importance of this mechanism for infection
is unclear, since antibody is not essential for infection of these
cells. Conversely, IgA is exported from the liver into the gas-
trointestinal tract as bound ligand-immunoglobulin complexes
in the bile, and specific IgA may therefore facilitate excretion
of HAV from the body of infected hosts (9). It will be impor-
tant to use appropriate cell models to study the potential role
of these and other mechanisms in enteric excretion of HAV.
The novel N6 polarized hepatocyte cell line provides a power-
ful tool for investigating virus-cell interactions for hepatotropic
viruses. In this context it is notable that the tight junction
protein claudin-1 has been reported to have activity as a cel-
lular receptor for hepatitis C virus (22). Mee and colleagues
have very recently investigated the role of cell polarity in HCV
infection of Caco-2 cells (36), but the pronounced differences
between simple epithelia and hepatocytes, well known for pro-
tein trafficking and as shown here for virus entry and export,
argue that such studies may need to be confirmed in the rele-
vant target cells. This study shows that both infection and
export of HAV occur vectorially in polarized hepatocytes and
provides new insights into the pathogenesis and transmission
of this virus. Additionally, the development of a novel polar-
ized hepatocyte cell line that simplifies the study of vectorial
substrate movement in these cells provides a new tool for
investigating virus-host interactions in the liver.
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